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An optical analog of the quantum weak measurement scheme proved to be very useful for the observation of
optical beam shifts. Here we adapt the weak value amplification method for the observation of the angular
Goos-Ha¨nchen shift. We observe this effect in the case of external air-dielectric reflection, the more fundamental
case in which it occurs. We show that weak measurements allow for a faithful amplification of the effect at any
angle of incidence, even at the Brewster angle of incidence.
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A beam of light, reflected at a planar interface, does
not follow perfectly the ray optics prediction. A small
angular deviation of the Law of Reflection has been pre-
dicted for a physical light beam when this is regarded as
the implementation of a ray [1–3]. Experimental proofs
of this phenomenon were reported recently [4]. This an-
gular deviation of the beam axis that occurs only in
the case of partial reflection has been named angular
Goos-Ha¨nchen (AGH) shift, in analogy with the Goos-
Ha¨nchen (GH) shift [5], which is a positional shift of the
beam centre relative to its geometrical optics position.
The AGH and the GH occur in the plane of incidence.
Out-of-plane shifts such as the Imbert-Fedorov (IF) shift
[6, 7] and the Spin Hall effect of Light (SHEL) [8–10]
have been observed as well. Conservation laws imply
that these phenomena affect also the transmitted beam
and not only the reflected one [9].
Weak measurements proved to be very convenient for
the observation of some of these phenomena. Hosten
and Kwiat used this experimental approach to measure
the exact magnitude of the SHEL [10]. Their observa-
tion closed a theoretical debate on this subject. This
experiment was done for a light beam transmitted at
an air-glass interface. The same experimental approach
was used to observe the SHEL in optical reflection [11]
as well as in a plasmonic system [12]. The observations
of the GH [13] and the IF shift [14] via a weak measure-
ment scheme were reported as well. This exploitation of
a well known quantum weak measurement technique for
the observation of beam shifts required a detailed theo-
retical treatment [15]. The result of this analysis was a
∗ Corresponding author: michele.merano@unipd.it
complete classical description of both the observed phe-
nomena and the experimental scheme used to observe
them [16–19].
Here we report the weak measurement of the AGH.
We observe the AGH of a Gaussian light beam at an air-
glass interface. We show that weak measurements allow
for a faithful amplification of this shift for any angle of
incidence, and in particular even at the Brewster angle
(θB) where a p polarized beam experiences a dispersive
resonance for the AGH [4].
Technically speaking we measure the weak value of
the polarization of a light beam. The AGH shift acts as
the weak measuring effect, and an analyzer post-selects
the final polarization state. The experimental results
of this procedure can be interpreted as an amplification
scheme for the AGH [20, 21]. As it will be clear later,
the choice of the pre-selected state is subtle here because
it is affected by the amplitude reflection coefficients.
We adopt the quantum mechanical description devel-
oped in [16]. We use the Jones calculus to describe the
polarization of the light in combination with the bra-
ket notation where 〈p | = (1, 0) is the p polarization and
〈s | = (0, 1) is the s polarization. The quantum operator
describing the AGH effect is given by
AGH =
[
Θp 0
0 Θs
]
(1)
where
Θp = −i∂ ln rp
∂ θ
Θs = −i∂ ln rs
∂ θ
(2)
Here rp and rs are the amplitude reflection coefficients
and θ is the angle of incidence. At θB the expression
for Θp must be corrected. For angles of incidence close
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2to θB (| θ − θB |< 3θ0, where θ0 is the beam angular
aperture of the Gaussian beam) [4] we have:
Θp = −i θ − θB
Λ(θ − θB)2 + α (3)
where:
α =
1
2
+
2n2
(1 + n2)4
(4)
This expression comes from the finite divergence of a
Gaussian p polarized light beam that unavoidably im-
plies a small admixture of s-polarization [4, 22]. For a p
polarized Gaussian sheet beam α = 1/2 in this expres-
sion. For reasons that will be clear later, it is convinient
to write the matrix AGH in this form:
AGH =
1
2
(Θp + Θs)I +
1
2
(Θp −Θs)σ3 (5)
where I is the identity matrix and σ3 is the Pauli matrix:
σ3 =
[
1 0
0 −1
]
(6)
Since AGH is diagonal in the p, s basis we can not pre-
select the polarization to be p or s. When a ray of light
is reflected at an interface its polarization is preserved
only for p or s states. If it is not possible to pre-select
p or s polarization then the reflection matrix (ref. [16]
formula (22a)):
F =
[
rp 0
0 rs
]
(7)
must be considered also in our formalism. Form ref. [16]
(formulas (25, 57a and 57 b) it is clear that the reflec-
tion matrix is part of the pre-selection process for the
input polarization. If the polarization of the light beam
incident on the dielectric surface is |ψ〉 then the pre-
selected polarization for the weak measurement scheme
is |γ〉 = F |ψ〉.
Our procedure for the observation of the AGH effect
runs as follow. We pre-select 〈γ | =(1/√2, -1/√2). We
then post-select two final polarization states:
〈φ| = (1± √
2
,
1∓ √
2
) (8)
(where  is a small angle). The weak value of the AGH
matrix is:
〈φ |AGH| γ〉
〈φ|γ〉 =
1
2
(Θp + Θs)± 1
2
(Θp −Θs) (9)
where the addend divided by epsilon comes form σ3,
while the other addend comes from I. We note that in
the case of air-glass external reflection this weak value is
purely imaginary because the reflection coefficients are
reals. The centroids position 〈x〉 of the post-selected
beams in the direction parallel to the plane of incidence
Fig. 1. Set up for the weak measurement of the angular
Goos-Ha¨nchen shift. L: lens. P1, P2: Glan-Thompson po-
larizers. HWP1, HWP2: half wave plates. QD: Quadrant
detector. The pre-selected state is fix by HWP1 and the
reflection matrix F. The polarization analyser (HWP2 and
P2) post-selects the final polarization state. The prism is
mounted on a precision rotation stage (not shown).
is proportional to the this weak value according to the
rule [15]:
〈x〉 = − λ
2pi
z
z0
(
(
1
2
(Θp + Θs)± 1
2
(Θp −Θs)
)
(10)
where z is the propagation distance, z0 is the Rayleigh
range and λ is the wavelength of the light.
We now turn to the experimental set-up shown in Fig.
1. We used a collimated Gaussian light beam, from a
fiber-pigtailed laser diode, with λ = 826 nm. A lens
L1 (focal lengh=20 cm or 7.5 cm) transforms the waist
parameter w0 to a desired value at a z-position (chosen
as the origin). The beam is polarized by means of a
Glan-Thompson polarizing prism P1. A half wave plate
(HWP1) is used to fix the polarization of the light beam
incident on a 45 ◦-90 ◦-45 ◦ BK7 prism and externally
reflected from it. After this an analyser, composed of a
half wave plate (HWP2) and a Glan-Thompson polar-
izing prism P2, is used to post-selects the desired po-
larization states. A quadrant detector (QD), placed at
a distance z from the beam waist, and connected to a
nanovoltmeter measures the beam displacements.
Measurements are performed in this way. P2 is set
to projects on the state 〈+45 ◦|=(1/√2, 1/√2) and the
optical axis of the HWP2 is initially set to be at +45 ◦
from the x axis:
HWP2 =
[
0 1
1 0
]
. (11)
Polarizer P1 simply linearly polarizes the light from the
laser. HWP1 turns the linear polarization from P1 to
be 〈ψ| = ( A√
2rp
,− A√
2rs
) (where A is an irrelevant nor-
malization factor that is simplified in (9)). Because the
3Fig. 2. Angular Goos-Ha¨nchen shift for a p polarized Gaus-
sian beam with respect to a s polarized one. Solid dots are
experimental data, the line is the theoretical prediction. The
agreement in between theory and experiment is excellent as
long as we are far from Brewster.
reflection coefficients in external reflection are real num-
ber with modulus smaller than one, it is always possible
to set a state of polarization like this with the HWP1.
After reflection the polarization of the beam is given by
|γ〉. So, in practice, we set HWP1 by turning the ori-
entation of its optical axis until we have the minimum
power transmitted to the QD. We then turn HWP2 of a
small angle ±/2:
HWP2 =
[ ∓ 1
1 ±
]
. (12)
In this way we post-select the two final states:
〈+45 ◦|HWP2 = 〈φ| . (13)
The QD measures the relative distance ∆ of the beam
centroids for the two post-selected states. From formula
(10) this is given by
∆ = − λ
2pi
z
z0
(
Θp −Θs

)
. (14)
The observed angular shift Θ is given by
Θ =
∆
z
· 1

(15)
where the first term is the expression for the angular
shift of a p polarized beam with respect to an s polar-
ized one and it is exactly equal to the one that can be
obtained from formula (4) of ref. [15] or, close to θB ,
from formulas (4 and 5) of ref. [4]. The second term is
the weak value amplification factor.
Figure 2 shows our results for angles of incidence far
from θB . The line represents the theoretically predicted
AGH of a p polarized beam with respect to a s polarized
one. Solid dots are the measured experimental data di-
vided by the amplification factor 1/. In the set of mea-
surements reported w0= 70µm,  = 0.097 rad and the
distance z of the QD from the beam waist is 30 cm. The
agreement in between theory and experiment is excel-
lent. This is the first experimental result of this papers
and it shows that, for θ far from θB , weak measurements
allow for a faithful amplification of the angular shift.
Fig. 3. Angular Goos-Ha¨nchen shift for a p polarized Gaus-
sian beam with respect to a s polarized one. Solid dots are
experimental data, the line is the theoretical prediction. The
agreement in between theory and experiment is not anymore
good at Brewster.
For angles of incidence close to θB weak measurements
are succesful as well (Fig. 4), if we use a sheet Gaussian
beam instead of a Gaussian one. In this way we avoid
the Brewster cross polarization effect that alters the re-
flection process and the weak measurement scheme as
well. Figure 3 and Fig. 4 compare our experimental
results for these two cases.
Figure 3. reports our experimemtal results for a Gaus-
sian beam where the relevant parameters are w0= 28µm,
 varies in the range 0.06 - 0.26 rad (the biggest value
was chosen at θB where the reflected intensity has a
minimum) and z = 25 cm. We observe the expected dis-
persive resonance, but the experimental results have not
the right magnitude. This is due to the fact that at θB a
Gaussian p polarized beam generates a two-mode beam
with both a dominant and a cross polarized component
(Brewster cross-polarization) [23–25]. The intensity ad-
mixture Is of s-polarization in the reflected beam is in-
deed proportional to [4] (Supplementary information)
Is ∝
(
θy
tanθ
)2
(16)
where θy is the beam aperture in the y direction (see
Fig. 1). In practice the matrix describing the reflection
process is not anymore F and our pre-selection scheme
for the input polarization is not anymore valid. But if in
place of a Gaussian beam we use a sheet Gaussian beam
we avoid this problem.
4Fig. 4. Angular Goos-Ha¨nchen shift for a p polarized sheet
Gaussian beam with respect to a s polarized one. Solid dots
are experimental data, the line is the theoretical prediction.
The agreement in between theory and experiment is excel-
lent.
Figure 4 reports the experimental results for the AGH
when we use a sheet Gaussian beam. We experimentally
produce this beam by focusing the light with a cilindrical
lens (focal lenght = 5 cm). In this set of measurements
w0= 19µm,  = 0.05 - 0.23 rad and z = 24 cm. Now the
agreement in between theory and experiment is again
excellent.
In conclusion, we reported the weak measurement
of the AGH. Our experimental method is successful in
faithfully amplifying the AGH shift at any angle of in-
cidence. Our set up is an optical analog [26, 27] of the
original proposal of Aharonov, Albert and Vaidman [20]
as soos as we recognise the reflection matrix as part of
the pre-selection process. Because of Brewster cross po-
larization close to θB the method is still valid as long
as we use a Gaussian sheet beam instead of a Gaussian
beam. This last choice is not a conceptual limitation
in the spirit of the original weak measurement proposal,
where a fully scalar Gaussian beam was used.
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